This paper describes a novel battery management system to accomplish all of the necessary functions to ensure the safe, reliable operation of lithium ion batteries. An interface circuit monitors each battery voltage and temperature. It includes a trickle charger that achieves cell balancing by active instead of passive means. A series loaded resonant converter with isolation, also known as an LLC converter, is connected to each one of the battery cells so that they can be balanced, thus increasing the lifetime and utilization of the battery stack. In this paper the battery equalizer control system is presented as well as experimental measurements on a six cell string.
INTRODUCTION
Energy storage systems have become increasingly popular with the advent of electric vehicles. They have also been used in microgrids to counteract the intermittent nature of renewable energy sources such as wind and solar [1] . In California, utilities are required to have 200MW of energy storage by the end of 2014 as part of the implementation of the state's ambitious renewable energy portfolio [2] . As energy storage is presently accomplished in large majority by series connected electrochemical battery cells, much attention has been given to the management of stacked battery cells. When Lithium-ion (Li-ion) battery cells are used, a battery management system (BMS) in the energy storage system is important to prevent catastrophic failures.
Cell equalizers are part of the BMS as each battery cell is not manufactured identical to the others and each cell can become overcharged or undercharged compared to the others in the stack. Cell equalizer circuits ensure that each cell maintains the same voltage, thus increasing the lifetime of the battery stack and extending the utilization of the stack. Many cell balancing methods have been proposed, both passive and active, with some of the most recent being reported in [3] through [11] . Battery balancing methods have been thoroughly reviewed and compared in [12] through [15] . Passive balancing methods are widely used for their low cost, however the energy of the overchargerd cells is dissipated as heat in resistors which reduces the efficiency and creates a heat flow challenge in the design. In this paper the active balancing method is used as part of the BMS.
There are two main types of active balancing circuits: cell-to-cell and stack-to-cell (or pack-to-cell) balancing circuits. While the cell-to-cell method moves energy from a cell with higher voltage to another with lower voltage, the stack-to-cell method exchanges energy between the individual battery cell and the entire battery stack. The latter method requires galvanic isolation and the solid state switches used have to withstand the higher voltage of the entire stack. Typical stack-to-cell equalization circuits consist of different variations of flyback converters featuring custom designed multi-winding transformers. The goal is to minimize cost by using as few solid state switches as possible, therefore only one converter is used with multiple secondary windings on its transformer. This active balancing method requires the design of a complex, custom multi-winding transformer. In this paper small resonant converters are designed for each battery cell to control its voltage. Only commercially available components are used in the design, therefore the solution has the potential of becoming cost effective. Although the switch count is higher compared to the single converter equalization circuit, the rating of the devices is a small percent of the battery charger circuit, because these small converters are used to trickle charge individual cells with just enough current to overcome cell imbalances.
The idea of using individual converters to control the voltage on each cell is new and has not been explored fully due to the perception of increased complexity. Einhorn et al. have explored the idea of individual DC/DC converters per cell, however they still use a flyback converter with individual switches on the secondaries of its transformer, therefore a custom multi-winding transformer is required [16] [17] . In this paper unidirectional LLC converter modules are proposed to trickle charge the battery cells that have lower voltages. The energy comes from the stack and there is one central controller to turn on/off each converter. While a detailed cost analysis is outside the scope of this paper, these authors believe that there is much potential to be explored in the concept of small individual trickle-charging converters easily assembled with commercial components when compared to the custom multi-winding transformers needed in the popular flyback stack-to-cell balancing method.
Series loaded resonant converters with isolation, also known as LLC converters [18] , have recently been introduced for the first time as trickle chargers for a series connected battery string [19] . While in [19] the focus is the modeling and design of each individual trickle charger, in this paper the system level control scheme is presented as well as experimental verification on a 6 cell string of lead acid batteries. The BMS can be used for Li-ion battery cells as well.
II. BATTERY MANAGEMENT SYSTEM
The BMS monitors each cell voltage and temperature via an interface circuit, which also includes one trickle charger per cell that achieves cell balancing by active instead of passive means. The electrical input interface includes DC power for the trickle charger, gate signals for the MOSFETS, and an enable signal and two feedback signals. The feedback signals are from V/f converters that create a digital square wave where the frequency depends on the input voltage. The two feedback signals are the battery voltage and temperature. The interface printed circuit board can act as a mechanical mounting point for the battery cell as well. There can be a fusible link between the battery cell and the DC output to interrupt a fault current in case of a short circuit failure of the trickle charger. Since a full wave rectifier feeds the battery two diodes must fail to create a short circuit, improving reliability.
This system level architecture is attractive because one interface circuit accomplishes all of the electrical functionality necessary for battery management with the exception of the bulk charging of the battery string. The proposed solution has a separate active source for each cell which becomes more viable as the trickle charger power level gets lower and the circuits can be smaller.
The BMS comprises two key features; a charger that delivers current to the series string of batteries and individual balancing circuits that monitor and balance each battery in the string, as shown in Figure 1 . The charger is the buck portion of the buck boost converter and its input is connected to an Energy Management System (EMS) which in turn interfaces with an AC bus including sources and loads [20] [21] . The EMS includes the H-bridge, the buck boost converter and a field programmable gate array (FPGA) based control system. The boost portion of the charger converter is included to accomplish bidirectional power flow. In fact when power flows from the batteries to the AC bus, the boost converter ensures that the H-bridge DC bus operates at the correct voltage level. The BMS includes a balancing circuit for each battery cell in the stack which is an LLC converter as shown in Figure 2 . The balancing circuit trickle charges the battery cell that it is connected to and measures the cell's voltage and temperature. The predictable behavior of the LLC converter operated in discontinuous conduction mode (DCM) provides an observer for the charging current, which is the LLC converter output current. Specifically, in DCM the converter average output current is proportional to the switching frequency as shown in (1), which is derived in [19] . where V stack is the input DC voltage, L r is the resonant inductance, f sw is the switching frequency ω o is the resonant frequency. In DCM the relationship between the switching frequency and the resonant frequency is:
The BMS software monitors all of the battery cell voltages. If any cell reaches a full state of charge (SOC) then the charger stops delivering current to the series string. The individual balancing circuits draw energy from the battery string and will trickle charge the battery cell with the lowest SOC. This process will draw some energy from the battery with the highest SOC, as well as the others in the string, to balance all of the batteries. When the balancing circuit reduces the SOC for the most charged battery, the series charger can be reenergized to deliver more energy to the battery string.
Redundant voltage measurements can be made to improve reliability. Each battery voltage is measured and additionally, the entire string voltage can be measured. The sum of the individual voltages should add up to the total voltage, which ensures the voltage sensors are operating properly. A bad voltage sensor that would cause the BMS to overcharge a battery would be a serious failure. The probability of this occurrence is reduced with a redundant voltage check. Figure 3 shows the control logic implemented in the BMS to decide which LLC converter needs to be turned on or off. If a battery's voltage is lower than all the others and below the fully charged threshold minus a hysteresis band (V low ) then that battery is trickle charged and the others are turned off. If a battery gets charged up to the fully charged voltage (V high ) then its trickle charger is turned off.
The charging circuit and the balancing circuits are deenergized for about 1 second periodically so that the open circuit voltage of each battery can be observed. The measurement is put through a low pass filter and the voltage at the end of the off time is used by the BMS to decide which battery to trickle charge next. At the end of the off time the battery control algorithm trickle charges the lowest cell if it is below the full SOC voltage threshold, V low . Also, the battery control algorithm will turn off the stack charger if any battery is at full SOC and could potentially be overcharged. This algorithm could be adapted to identify the 2 or 3 weakest batteries and trickle charge more than one at a time. This would put more loading on the battery with the highest SOC and would allow the charger to be turned back on sooner. This adaptation to the charging algorithm would realize more stored energy for later use which could improve the efficacy of the BMS. The balancing circuits need only be powerful enough to overcome any imbalance in the performance of the batteries in the string. Their most important function is to monitor the battery voltages and temperatures. 
The LM231 chip was used, which transforms an analog voltage (input) into a digital signal which is a square wave (output), where the frequency of the square wave is a function of the measured quantity. The comparator input to the V/f converter, which is connected to the battery, does not load the battery measurably.
In order to calibrate the V/f converters the outputs were each measured at 5 operating points and the data was linearized for each sensor. The plot in Figure 4 shows that each sensor needs to be calibrated to ensure accurate voltage observations are input to the BMS control algorithm. In this case the sensor on the 6 th board varies from the other 5 sensors the most. 
IV. EXPERIMENTAL MEASUREMENTS
The operation of the BMS was verified in the lab using the system depicted in Figure 1 and described in section II. All the control features described in the previous section are implemented in a field programmable gate array (FPGA). The circuit schematic of each LLC converter used for trickle charging is shown in Figure 2 and the circuit parameters are reported in TABLE I. Six 12V lead acid batteries connected in series make up the battery stack, with a nominal voltage of 72V. Although lead acid batteries are used in the lab for the experiments, the BMS system is being developed for Li-ion battery packs. The AC source shown in Figure 1 provides the energy to charge the batteries in the experiments. The control system for the buck converter charger is presented in Figure 5 . A sine wave at unity power factor and 180 o out of phase with the AC voltage is the reference current for the charger. This reference current is labeled as I* in Figure 5 . The current drawn from the AC source I ems , is subtracted from the reference current described above and the error is sent to a PI controller and PWM modulator to create the gate signals for the H-bridge inverter. Note that during charging the current I ems is negative, which means it goes from the AC bus to the H-bridge. The DC bus is regulated by the buck converter that is charging the battery string. The amplitude of I ems is fixed. A PI controller adjusts the duty cycle of the buck controller to regulate the DC bus to 200 Vdc. Figure 6 shows the control system regulating the DC bus voltage v dc . In the experiments presented here the DC voltage driving the buck converter is 200 Vdc. The operation of the charger for the entire battery stack is demonstrated experimentally in Figure 7 , Figure 8 and Figure 9 . Figure 7 shows that the load is fed by the AC source and there is no EMS current (I ems =0) so no energy is exchanged with the batteries. The load is inductive/resistive but there is a 12 μF capacitor in parallel with the load which affects the power factor of the entire system. The waveforms acquired when the batteries are being charges are shown in Figure 8 where the current I ems is out of phase with the load current I load and the AC voltage v ac . This indicates that power is flowing from the AC source to the battery stack. Therefore the battery stack is being charged. The load current and the source current are also shown in Figure 8 , indicating that the load is not affected by the operation of the battery charger and that the source is now delivering more power in order to charge the batteries while feeding the load. Figure 9 shows how the battery stack voltage v stack changes when the charger is on or off. In these plots the charger is initially on, then it turns off (I ems =0) and the battery stack voltage drops about ½ volts. After the voltages are measured it turns on again, resuming the charging of the battery stack. While the battery stack charger is off, measurements of the individual cell voltages are performed and if one is found lower than the others, then the LLC trickle charger connected to that cell is turned on by the BMS according to the logic in Figure 3 . Figure 10 shows the current waveforms when both the stack charger and a single trickle charger are on. In particular the top waveform is the current going to the battery stack, while the bottom waveform is the current delivered to the battery cell #4, i o4 . For the particular charging level demonstrated here the buck converter operates in discontinuous conduction mode, as demonstrated by the shape of the current i stack in Figure 10 . Note that i stack is not the buck converter current but the current after the capacitor. The LLC converter waveforms are shown in Figure 11 for a case when the stack charger is on and only battery cell #4 is being trickle charged. The resonant tank current i r demonstrates DCM. In DCM the LLC converter behaves much like a current source where the current amplitude does not change strongly as the charging voltage changes.
The leakage current of the rectifier diodes connected to the battery at the output of the LLC converter is less than 3 μA at 25 o C and less than 70 μA at 125 o C where the voltage that the diodes block is about 12Vdc so the LLC converter that is always connected to the battery does not discharge the battery very much when it is not in operation.
V. CONCLUSIONS AND FUTURE WORK
This paper presents the hardware implementation of a novel BMS. In particular the use of small LLC converters to monitor and trickle charge each battery cell in a battery stack is the innovative contribution of this paper. The active balancing strategy improves energy conservation and provides an electrical interface to each cell to monitor the voltage and temperature, which is most important for Li-ion batteries. The BMS features simple control algorithms and easy implementation in a single FPGA.
Reducing the complexity of the interface to a single bidirectional communication wire will be a significant enhancement to the system performance. Features that improve reliability, such as the redundant voltage check, are valuable enhancements to the system reliability. System level operation data and appropriate control laws for typical applications will help identify the most attractive battery size and balancing circuit rating to make an EMS that contains a BMS more useful. 
